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ABSTRACT
Li, Ang. M.S.A.A., Purdue University, December 2016. Flammability Limits of Al-
ternative Aviation Fuels. Major Professor: Li Qiao.
Alternative aviation fuels are being developed recently to partially replace the
limited resources of traditional liquid fuels in the aviation industry. The fire-safety
properties of these fuels, however, are unknown. Especially, the flammability limit
of a fuel is a crucial parameter. The present work focuses on measurements of con-
centration and temperature flammability limits of four pure hydrocarbon fuels, as
well as traditional and alternative aviation fuels, including Jet-A, HEFA, SIP, and
FT-S8. The lower and upper concentration flammability limits of these selected fuels
were determined under specific temperatures and pressures. An experiment includ-
ing a customized power supply system to generate sufficient spark energy for ignition
near the flammability limits was built to measure the lower and upper limits. The
temperature flammability limits were also measured using a different experimental
apparatus for the four selected aviation fuels. As the initial temperature increases,
the lower concentration flammability limit decreases. In terms of the fuel-air mass
ratio, the limit is within the range of 0.032-0.04 for all four aviation fuels. The up-
per flammability limit increases with temperature within a range of 0.21-0.23 except
for SIP. Unlike temperature, pressure has minor influence on the lower concentration
flammability limit for all fuels. Among the four aviation fuels, Jet-A and HEFA have
similar results, and FT-S8 is considered to be least sensitive with temperature vari-
ation. Three correlations and models were used to predict the lower concentration
flammability limits of the four pure fuels. The predictions were compared to the
measurements. As for temperature flammability limits, SIP has the highest lower
temperature flammability limit. From this perspective, SIP can be considered a bet-
xiv
ter choice for alternative aviation fuels for safer storage and transportation during
ground operations. HEFA has similar results as Jet-A, while FT-S8 has smaller lower
temperature flammability limit than Jet-A and HEFA.
1
1. INTRODUCTION
Alternative aviation fuels are emerging in the marketplace. The physical and chemical
properties of these new fuels are unknown. Fire-safety properties of these alternative
fuels should be re-evaluated. The flammability limit of a fuel plays an important role
on fire safety. This chapter discusses the motivation and objectives of the present
work, as well as a literature review of previous work on the flammability limit mea-
surement of both pure hydrocarbon fuels and aviation fuels.
1.1 Motivation
The modern world demands a lot of transportation, which consumes tons of tra-
ditional sources of energy such as petroleum. For the fast-growing aviation industry,
the consumption of fuels can be even larger in the future. Therefore, it is necessary to
develop alternative fuels, in order to either compensate the limited sources or make
those fuels cleaner.
The present work was motivated by the fire safety concerns of alternative avia-
tion fuels during ground handling and transportation. The flammability limits of a
fuel indicate the possible range of either concentration or temperature, within which
unexpected combustion or explosion can happen. If we know the limits, for example,
we can store those fuels in the warehouses under a specific temperature to lower the
chance of unexpected ignition and explosion.
When new aviation fuels are being developed, the importance of determining
their fire-safety properties, such as the flammability limit, a fundamental property of
flammable materials, is obvious. It is crucial to build a comprehensive database of
flammability limits for alternative aviation fuels to evaluate their safety properties.
2
1.2 Previous Work
1.2.1 Flammability Limits of Aviation Fuels
Ignition and flame propagation will take place only within a proper mixture range,
that is, in the range of the lower and upper flammability limits. Flammability limit
is usually denoted as the percent of fuel by volume or fuel/oxidizer mass ratio. If the
fuel is a liquid at room temperature, the limit denotes the limit of the fuel vapor in
air or an oxidizer.
Fig. 1.1. The limits of ignitibility versus the fuel-air mass ratio [1].
Flammability limits depend on several factors such as temperature, pressure, type
of fuel and oxidizer, ignition source, and apparatus. For ground safety concerns, the
3
limits under one atmospheric pressure condition are of interest; for in-flight opera-
tion, however, lower pressures should be considered. Also note that the flammability
limits are different from the limits of ignitibility. For a fixed fuel/air ratio, the range
between ignitibility limits increases with increasing spark energy. When the ignition
energy becomes large enough, the range does not expand anymore. At this point the
ignitibility limits are identical to the flammability limits, as shown in Fig. 1.1.
Concentration Flammability Limits
Fig. 1.2. Typical form of concentration limits of flammability at con-
stant pressure [1].
At a specific temperature and pressure, the combustible species of a flammable
mixture can be so low or so high that flame fails to propagate, where we can define the
4
so-called concentration flammability limits. For the experiments, we use the following








(Unf + Uf ) (1.2)
where L is the lower flammability limit, U is the upper flammability limit. Lnf is
the highest concentration which does not result in successful ignition, while Lf is
the lowest concentration which results in successful ignition for lower concentration
flammability limit measurement. Unf is the highest concentration which results in
successful ignition, while Uf is the lowest concentration which does not result in
successful ignition for upper concentration flammability limit measurement.
Although there are some correlations that can be applied to calculate the concen-
tration flammability limits, measurements are always preferred [2]. Fig. 1.2 shows a
typical flammable area for a specific fuel with respect to the initial temperature and
the concentration of fuel vapor. The area between the lower limit and the upper limit
is the flammable region, beyond which ignition and flame propagation cannot take
place.
Temperature Flammability Limits
Besides the concentration flammability limits, we concern about another flamma-
bility limit, which is equilibrium concentration flammability limit or temperature
flammability limit, especially for liquid fuels. In the experiments, an equilibrium
condition between the liquid fuel and the fuel vapor is first established and then the
similar method to obtain the concentration flammability limits is applied to deter-
mine the temperature flammability limits. As we can see from Fig. 1.2, the cross
point between the upper concentration flammability limit curve and the dew point
curve would be close to the upper temperature flammability limit. Similarly, as for
the lower temperature flammability limit, it is also close to the flash point, which
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is the cross point between the lower concentration flammability limit curve and the
dew point curve. Fig. 1.2 shows the relation between the concentration flammabil-
ity limits and the temperature flammability limits. A lot of work have been done
in this area. Fig. 1.3 shows a typical form of the temperature flammability limits
of a fuel vapor/air mixture at gas/liquid equilibrium as a function of pressure. At
a specific pressure, the vapor-air mixture is flammable only between the lower and
upper temperature limit.
Fig. 1.3. Typical form of temperature flammability limits of the vapor-
air mixture at equilibrium condition [1].
1.2.2 Previous Measurements of Flammability Limits
There are standard methods for measuring different limits, such as ASTM E681 [3]
(concentration flammability limits), ASTM D56 [4] (flash point test), ASTM E1232 [5]
(temperature flammability limits). Some other experimental setups in the literature
6
are the derivation of these standard test methods. Using these methods, the flamma-
bility limits of pure liquid fuels such as paraffins and aviation fuels have been measured
and the results have been reported in the literature. The present work will discuss
previous measurements of aviation fuels.
Concentration Flammability Limits
Jones’ work [1] is probably one of the earliest on flammability limits of aviation
fuels. A long glass tube (see Fig. 1.4) (glass tube is often used for visualization
of combustion) was used for measuring concentration flammability limits. The fuel
vapor was obtained in the container ”p” by heating the liquid fuel at the bottom of
the flask.
Fig. 1.4. Experimental apparatus ”F-1” for measuring concentration
flammability limits [1].
7
The tube was vacuumed first and then injected with fuel and air flow. The con-
centration of the fuel vapor was determined by measuring the partial pressure of the
fuel vapor inside the glass tube. The fuel vapor/air mixture was ignited with a spark
discharge. Several similar apparatus were also used in Jones’ work. As for the ignition
source, the work used two different spark ignition systems, which included a neon-sign
transformer and a surge generator, respectively. For the latter method, an adjustable
power supply was required. The voltage ranged from 0 to 20 kV with oil-filled mica
capacitors. The electrodes were platinum wires, 1/4 inch apart. The work focused
on two kinds of aviation gasoline fuels (grade 100/130 and 115/145) and two jet fuels
(JP-1 and JP-3, obsolete). The concentration flammability limits of those fuels were
measured at various initial temperatures and pressures. For aviation gasoline grade
100/130 and 115/145, the concentration flammability limit was measured at 78±2◦F
with various pressures and at 300 ◦F with atmospheric pressure. For aviation jet fuel
JP-1, the concentration flammability limit was measured at 300 ◦F and atmospheric
pressure, while for aviation jet fuel JP-3, the concentration flammability limit was
measured at both 79± 2◦F and 300 ◦F .
Fig. 1.5. Lower and upper concentration flammability limits of paraf-
fin hydrocarbons [6].
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Zabetakis [6] later carried out similar experiments to measure flammability of
aviation fuels as well as other liquid fuels such as paraffins. This work extended the
previous results from Jones to include more chemicals and initial conditions. Fig. 1.5
shows the lower and upper flammability limits of paraffin hydrocarbons.
Cato [7] did a study in 1967 on the temperature dependence of upper concentration
flammability limits. The work used a similar experimental setup as Jones’, which
consisted of a cylindrical glass tube and a continuous spark generator. Several pure
hydrocarbon fuels as well as a jet fuel JP-6 were measured for the upper flammability
limits. Fig. 1.6 illustrates the effect of initial mixture temperature on upper limits
of flammability. For heavy hydrocarbon fuels such as n-octane, n-decane, and JP-
6, there is a sudden increase of the upper flammability limit with increasing initial
temperature. The reason could be due to decomposition of these heavy fuels at high
temperatures.
Fig. 1.6. Upper flammability limits of several paraffin hydrocarbons and JP-6 [7].
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Temperature Flammability Limits
Jones [1] used a different apparatus which was called ”F-9” (see Fig. 1.7) for mea-
suring temperature flammability limits. It included an explosion chamber placed in
an oven. The oven was used to heat the liquid fuel and maintain a constant temper-
ature to obtain an equilibrium fuel vapor-air mixture at 1 atm or reduced pressures.
By this method, the saturated fuel vapor/air mixture can be obtained inside the
glass tube. Since aviation fuels are mixtures of a large number of hydrocarbons, the
flammability depends on the history of evaporation of a liquid fuel. The temperature
flammability limits of aviation gasoline fuels (grade 100/130, 115/145) and two jet
fuels (JP-1, JP-3) were determined in this study.
Fig. 1.7. Experimental apparatus ”F-9” for measuring temperature
flammability limits [1].
As for commercial jet fuels, Nestor [8] performed an experiment in 1967, which
might be the earliest work on civil aircraft fuels. A glass tube for visualizing the flame
was also applied (see Fig. 1.8). The tube was placed inside a larger chamber whose
temperature can be controlled. The diameter of the tube is large enough so that
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Fig. 1.8. Experimental apparatus of Nestor for measuring tempera-
ture flammability limits [8].
Table 1.1
Lower Temperature Flammability Limits of the Commercial Aviation
Fuels at Atmospheric Pressure [8] /◦F
Fuel n-hexane Jet-A Jet-A-1 Jet-B
LFL -17 97 100 -11
UFL 36 172 185 48
the wall effect on ignition is negligible. It was mentioned that the carbon deposit on
the electrodes resulted from combustion could reduce the spark energy for the next
experiment, thus the tube and the electrodes needed to be cleaned thoroughly after
each test. The spark energy was calculated by measuring the transient voltage and
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current across the spark gap. It was not very accurate, however, because there was
residual energy stored in the discharged capacitors. Nevertheless, the energy required
to ignite Jet-A was in the range of a few to twenty Joules. The work reported the
lower and upper temperature limits of n-hexane, Jet-A, Jet-A-1, and Jet-B as shown
in Table 1.1.
Fig. 1.9. Experimental apparatus of Ott for measuring temperature
flammability limits [9].
A few years later, Ott [9] did a dynamic experiment on aviation jet fuels but
included static tests as well. A quite large test vessel, which was approximately 303
liters, was used (see Fig. 1.9). For this case, the fuel could only be heated by a
steam heat exchanger. The ignition source was made of two stainless steel electrodes
mounted parallel to each other, which can form a moving arc between them. A fixed
voltage (12 kV ) ignition transformer was used to supply power to the electrodes. The
experiment found that for JP-8, the lower temperature limit was about 115 ◦F ; for
JP-4, the upper temperature limit was about 60 ◦F ; for JP-5, the lower temperature
12
limit was about 150 ◦F , which were all measured at atmospheric pressure. It is
noticed that the lower limit of flammability is near the flash point of the fuels.
White [10] performed a test on measuring the flame speed of aviation fuels, which
also evaluated the flash points of jet fuels JP-5, JP-8, and their mixtures using the
standard closed cup method [4]. The results showed that the lower limit was 145 ◦F
for JP-5 and 100 ◦F for JP-8.
Fig. 1.10. Experimental apparatus of Shepherd for measuring tem-
perature flammability limits [11].
Another experiment was conducted by Shepherd [11] on Jet-A. The project was
part of the investigation of an aircraft accident (TWA Flight 800) took place in
1996. A cubic 1.84-liter heated vessel was used to test Jet-A vapor (see Fig. 1.10).
The combustible mixture was ignited by a capacitor spark ignition system. Two
stainless steel electrodes lined up inside the vessel with one of them adjustable using
a micrometer screw. The spark energy was obtained by using a similar method as
the one by Nestor. The spark energy varied from 1 mJ to 100 J . It was mentioned
that it was difficult to measure the energy for such a short spark duration time (less
than 1 µs). It was found that the flash point temperature was about 115-118 ◦F and
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the lower concentration flammability was 0.035-0.04 at 212 ◦F and 0.585 bar. The
work also studied the effect of mass loading on the lower temperature flammability
limit. Two different mass loadings were chosen, which were 3 kg/m3 and 200 kg/m3,
respectively. The results showed weak dependence of lower limits on the fuel mass
loading.
Furthermore, Sochet [12] tested military fuels F-34 and F-35. A 13.27-liter vertical,
cylindrical steel vessel was set up to measure the temperature limits. The work used
both laser spark and exploding wires as the ignition source with an ignition energy in
the range of 68-137 J . The flash point is in the range of 44-45 ◦C for the two military
fuels.
1.3 Objectives
The present work focuses on the flammability limits of alternative aviation fuels,
which include HEFA, SIP, and FT-S8, as well as a commonly used aviation fuel, Jet-
A. The goals are to determine the concentration flammability limits of these selected
fuels under specific temperatures and pressures and to determine the temperature
flammability limits of fuel vapor at equilibrium condition at atmospheric pressure.
Additionally, the concentration flammability limits of four pure hydrocarbon fuels,
which are n-heptane, iso-octane, n-decane, and n-dodecane, were also tested, in order
to understand the effect of molecular weight and structure on flammability limits.
We developed two different experimental apparatuses in order to determine the
concentration and temperature flammability limits respectively. The effect of initial
temperature and pressure on the flammability limits was studied, as well as the mass
loading effect on the lower temperature flammability limits. In addition, this work
used several correlations and models to predict the flammability limits and compare
them to the experimental results for the pure hydrocarbon fuels.
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2. CONCENTRATION FLAMMABILITY LIMITS
The lower and upper concentration flammability limits are usually denoted as the
minimum and maximum percentage of fuel in air (by volume). Outside of this range,
ignition and combustion cannot take place [2]. Concentration flammability limit can
also be described by the limiting fuel/air mass ratio or equivalence ratio. This chapter
will introduce the experimental method for measuring the concentration flammability
limits of both alternative and pure fuels. The lower and upper limits of these fuels





A stainless steel spherical chamber is the main body of the experimental apparatus
(Fig. 2.1), inside which the fuel/air mixture was prepared and ignited. The same
chamber was also used for flame speed measurement by previous group members [13].
The chamber is able to hold pressure varying from vacuum to a maximum pressure
of 34 atm. A pressure valve was mounted for safety concern. The spherical chamber
has three 1/4 inch NPT thread ports to provide connections for air inlet, pressure
transducer, and thermocouple. There is another 3/8-24 inch thread port on the
top of the chamber, which connects the fuel injection system. Two 1/4 inch NPT
thread ports on the side plates provide additional connections to the vacuum pump,
exhaust hood, and fan system. Two 10 cm diameter, 1 cm thick quartz windows
were mounted on diametrically opposite end of the chamber to allow visualization
15
of both completeness of evaporation and flame propagation inside the chamber. The
interior volume of the chamber must be measured accurately in order to determine
the volume of liquid fuel that is required to be injected into the chamber. For this
purpose, the interior volume of the chamber was measured by filling it with water
while all the ports were sealed. The volume of the chamber is 0.024 m3.
Fig. 2.1. Front view of the spherical combustion chamber.
High Temperature Oven
The chamber was placed in a custom built oven. The oven is capable to provide
a uniform temperature field up to 650 ◦F (617 K). Two 10×8 inch glass windows
were installed on the oven front and back, which were aligned with the windows on
the combustion chamber for visualization. Three 1/8 inch and two 3/4 inch NPT
thread nipples on the back of the oven provide connections for the spark system, fuel
injection system, data acquisition system, and tubing for air inlet. The heating unit
(2 kW and 208 V ), in combination with a blower, generates a homogeneous tem-
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perature field inside the oven, so that the initial temperature of the fuel/air mixture
in the combustion chamber can be controlled. A thermocouple was mounted on the
ceiling inside the oven, monitoring the temperature of the oven through a Honeywell
temperature controller.
Pressure and Temperature Measurement
The temperature inside the chamber was monitored by a K-type thermocouple
(Omega KMTSS-125G-6). The thermocouple is 6 inch long and the tip of it is near
the center of the chamber. It measures the initial temperature of the mixture be-
fore ignition. Additionally, a pressure transducer (Model-XTEH-7L-190-50A) was
mounted to capture the pressure history, which, along with direct visualization, helps
to determine whether ignition and combustion took place or not. The pressure trans-
ducer has a measurement range of 0 to 50 psi and an operating temperature range up
to 650 ◦F . It has an accuracy of 0.1% of its maximum range and a sensitivity of 2.010
ml/psi. The data for temperature and pressure were acquired by a data acquisition
system (Model No.OMB-DAQ-3005).
2.1.2 Ignition System
Electrodes & Power Supply
The fuel/air mixture was ignited at the center of the spherical chamber by two
nickel rod electrodes inserted vertically inside the chamber (Fig. 2.2). The top
electrode is fixed whereas the bottom one is custom built to be adjustable to control
the spark gap. The bottom ground electrode connects to a micrometer head, and thus
the gap distance between the two electrodes can vary from 0.5 to 6 mm. A Glassman
(PS/FR30P10.0) custom-built high voltage power supply provides the ignition energy.
The range of the output voltage and current can be adjusted in the range of 0 to 30
kV and 0 to 10 mA, respectively. For the present measurements, the gap distance was
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chosen to be 3 to 4 mm. The breakdown voltage was about 6 to 10 kV , depending
on the composition of the fuel/air mixture.
Fig. 2.2. View of the electrodes through the quartz window.
Spark Energy
It is well known that near the lower or upper concentration flammability limits,
the minimum ignition energy required to ignite the mixture is extremely high. As
such, we designed an ignition system which can generate a long duration spark. As
long as the arc can hold under specific test environment which is controlled by a
current mode inside the power supply system, the spark duration can be as long as a
few seconds. It is usually difficult to determine the spark energy precisely for a short
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duration arc (about 1 µs). For a long duration arc, however, the spark energy can





where Espark is the calculated spark energy, vspark is the voltage across the electrode
gap, and ispark is the current that goes through the spark.
In order to calculate the spark energy, a high voltage probe (Tektronix P6015,
20 kV DC/40 kV Peak) and a current transformer (MagneLab CT-D1.0-B) were
integrated into the system. The data for voltage and current were acquired by a
digital oscilloscope (Tektronix TBS1064, 60 MHz, 1 GS/s).
2.1.3 Fuel Injection System
The liquid fuel must be vaporized first in order to measure the concentration
flammability limits of the fuel vapor/air mixtures. Because the fuels to be tested are
either heavy or multi-component liquid fuels, the partial pressure of the fuel vapor is
very low and cannot be determined accurately. For example, for the lower limit mea-
surement at atmospheric pressure, the partial pressure of Jet-A vapor is less than 0.2
psi. A slight deviation of partial pressure could change the fuel/air ratio significantly.
Furthermore, for multi-component fuels, the partial pressure method likely results in
preferential vaporization so that the fuel vapor contains higher concentration of the
components that have lower molecular weight and lower boiling points. Due to these
concerns, the volume method was chosen for fuel injection, in order to determine the
concentration of fuel/air mixture inside the chamber more precisely.
Syringe Pump
The volume method is also called fuel injection method, which means the fuel/air
ratio is calculated based on the volume of the liquid fuel to be injected into the
combustion chamber using a syringe, rather than the partial pressure of the fuel
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Fig. 2.3. The fuel deliver system on the back side of the oven.
vapor (Fig. 2.3). A high-accuracy syringe pump (KD Scientific, Model Legato 200)
drives the syringe (SGE Analytical Science, 25 ml, Model No.009472). The pump
can accommodate syringe sizes from 0.5 µl to 140 ml. The flow rate can be varied
from 7 µl/hr to 3600 ml/hr for a 25 ml syringe. It has an accuracy of ±0.35%. A
1/16 inch diameter, 24 inch long needle was used to deliver the exact amount of the
liquid fuel into the combustion chamber through a luer-lock valve. The syringe pump
can be controlled to adjust the injection rate. After some trials, a low flow rate of
6 ml/hr and 15 ml/hr for tests of lower and upper limit were chosen respectively
to ensure complete vaporization of the liquid fuel. Visual inspection on the chamber
surface was applied to check for complete vaporization of the injected liquid fuel.
Determine the Volume of the Liquid Fuel
A few assumptions were made during the calculation of the fuel vapor/air ratio
inside the chamber. We assumed that the fuel vapor behaves like ideal gas. Since the
fuel composition inside the chamber is the same as that of the original liquid fuel as
a result of complete vaporization, we used the average hydrogen/carbon ratio (H/C
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a = MWf/(fstoich ×MWair) (2.3)





(2) Partial pressure of the fuel vapor:
Pf = χf × Ptotal (2.5)










where MWf and MWair are the molecular weight of the liquid fuel and air, respec-
tively. fstoich is the fuel-air mass ratio at stoichiometric condition, χf is the mole
fraction of the fuel, a is the number of moles of air for a stoichiometric fuel/air mix-
ture, φ is the equivalence ratio, Pf is the partial pressure of the fuel vapor, Ptotal
is the total or initial pressure in the chamber, Vchamber is the interior volume of the
chamber, ρf,l is the density of the liquid fuel, mf and Vf are the mass and volume of
the liquid fuel, respectively.
2.1.4 Experimental Procedure
For measuring the concentration flammability limits, the chamber was firstly
heated to the desired initial temperature and then vacuumed. Then a small amount
of air was filled into the chamber to an appropriate pressure. This would prevent the
liquid fuel being pushed into the chamber too rapidly. Next, the liquid fuel was in-
jected using the fuel injection system and the droplets vaporized inside the chamber.
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After the syringe pump stopped, extra air was used to push the remaining fuel out
of the needle. The fan was then turned on to accelerate the rate of both evaporation
and mixing and then the chamber was filled with more air to reach the initial total
pressure, if necessary. The completeness of vaporization was determined by visually
inspecting the bottom wall of the chamber before ignition. The mixing duration
was about 30 to 60 minutes depending on the initial temperature and fuel/air ratio.
This time is sufficient for the fan-induced motion to decay to generate a quiescent,
homogeneous mixture. Finally, the mixture was ignited by a long duration spark.
However, the ignition process needed to be done within 60 to 90 seconds after the fan
was turned off to prevent stratification of fuel vapor inside the chamber for measuring
the upper limits. The ignition signal would also trigger the data acquisition system
and oscilloscope to record outputs.
Fig. 2.4. A sequence of images of a successful ignition (Jet-A).
After each test, the chamber was flushed with high-pressure air flow and the
exhaust gases were vented to the exhaust hood. For the upper limit tests, the chamber
had to be cleaned thoroughly by hand, however. In addition, the condensed fuel from
failure ignition tests was collected by a vessel outside the oven. The volume of the
liquid fuel varied gradually until the minimum or maximum value was reached that
resulted in consistently unsuccessful ignition and flame propagation. Fig. 2.4 shows
a sequence of images of a successful ignition.
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Table 2.1
Properties of the tested fuels [14] [15]
Fuel H/C Ratio Density Molecular Weight Flash Point
(kg/m3, 15◦C) (kg/kmol) (◦C)
Jet-A 1.92 805 167 43
HEFA 2.04 785 166 44
SIP 2.13 770 212 110
FT-S8 2.19 750 154 40
n-heptane 2.29 684 100 -4
iso-octane 2.25 692 114 -12
n-decane 2.20 730 142 46
n-dodecane 2.17 749 170 74
2.1.5 Fuel Properties
Jet-A and Camelina HRJ used for these experiments were from the Air Force
Research Laboratory. HEFA was made of 50% Jet-A and 50% Camelina HRJ. SIP
and FT-S8 were obtained from Amyris, Inc. and Sasol HTFT-IPK, respectively. The
average molecular weight of Jet-A was determined from the literature, while the other
parameters were taken from the measurements done by the labs or companies where
the fuels were obtained. Table 2.1 lists the properties of the fuels, including H/C ratio,
density, molecular weight, and flash point. The four pure fuels came from Spectrum
Laboratory Products Inc. The essential properties of these pure fuels are also listed
in Table 2.1.
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2.2 Results and Discussion
2.2.1 Alternative Fuels
Lower Flammability Limit (LFL)
Fig. 2.5. Lower limit of flammability versus initial temperature of the
fuel/air mixtures at 1 atm.
The LFL of the Jet-A and three alternative aviation fuels at various initial tem-
peratures and atmospheric pressure were plotted in Fig. 2.5. The minimum spark
energy used to ignite these mixtures was in the range from 60 to 170 J . As the initial
temperature increases, the lower limit decreases for each fuel, indicating that the fuel
vapor/air mixtures tend to be ignited more easily when the temperature is high. In
terms of fuel vapor percentage in mixture by volume, the lower limit decreases in this
order: FT-S8 > Jet-A > HEFA > SIP. In terms of fuel-air mass ratio (F/A), the
lower limit decreases in this order: SIP > Jet-A > HEFA > FT-S8. Jet-A and HEFA
have similar results as they have similar compositions. In terms of the percentage
of volume of fuel vapor, SIP has the lowest LFL compared with three other fuels,
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because it has the largest average molecular weight. Nevertheless, the LFLs of all
four fuels fall in a relative small range if we look at the fuel-air mass ratio, which
is from 0.033 to 0.04. Among the four fuels, FT-S8 seems to be least sensitive to
temperature variations.
Fig. 2.6 shows the LFL of the four fuels at various initial temperatures and
0.5 atm. When the initial pressure was reduced from 1 atm to 0.5 atm, the LFLs
remain nearly identical, indicating that the initial pressure does not influence the
lower flammability limits significantly. Similar trends were observed at the lower
pressure. As the initial temperature increases, the lower limit decreases for each
fuel as well. Jet-A and HEFA also have similar results. FT-S8 is least sensitive to
temperature variations among the four fuels.
Fig. 2.6. Lower limit of flammability versus initial temperature of the
fuel/air mixtures at 0.5 atm.
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Upper Flammability Limit (UFL)
Fig. 2.7 shows the upper flammability limits versus initial temperatures of the
fuel/air mixtures at 1 atm. As the initial temperature increases, the upper limit
increases for each fuel, except for SIP which shows an opposite trend. Jet-A, HEFA
and FT-S8 have similar upper limits (3.8 to 3.9% in terms of percentage by volume
of fuel vapor in mixture or 0.21 to 0.23 in terms of fuel-air mass ratio). SIP behaves
differently and the reason is being investigated. The reason could be due to decompo-
sition of the fuel at high temperatures as SIP consists of C15 paraffin mainly. Another
explanation could be that it becomes difficult to get a homogeneous mixture inside
the combustion chamber for SIP since it has the largest molecular weight.
Fig. 2.7. Upper limit of flammability versus initial temperature of the
fuel/air mixtures at 1 atm.
Fig. 2.8 shows the upper flammability limits versus initial temperatures of the
fuel/air mixtures at 0.5 atm. Similar trends were observed at the lower pressure. For
example, as the initial temperature decreases, the upper limit decreases for Jet-A and
HEFA. However, for SIP, the upper limit shows an opposite trend with temperature
variation. FT-S8 also shows a lightly opposite trend at the lower pressure. There
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could be two reasons for this opposite trend, as discussed above. Jet-A and HEFA
exhibit similar upper limits. For all four fuels, the upper limit decreases when pressure
is reduced.
Fig. 2.8. Upper limit of flammability versus initial temperature of the
fuel/air mixtures at 0.5 atm.
Flammable Region of Jet-A
After we have determined the lower and upper limits, we can determine the
flammable region for a specific fuel, in combination with its equilibrium curve. Fig.
2.9 shows the locations of flammable mixtures for Jet-A. Note, however, when the
mixture approaches the equilibrium curve, it is difficult to obtain complete vaporiza-
tion for a heavy, multi-component fuel. For this reason, the initial temperatures were
chosen to be well above the equilibrium state for measuring the flammability limits.
As for the lower flammability limit, the measured LFL of Jet-A is close to what was
reported in the literature. Jones [1] measured the lower concentration flammability
limits of n-decane, which is a main component of Jet-A fuel. Barnett & Hibbard [16]
later came up with a correlation based on previous experimental measurements for
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paraffins to predict the lower flammability limits of jet fuels. The measured lower
limits from the present work agree well with their measurements and calculations.
However, the measured UFL is smaller than that of previous measurements for jet
fuels. The deviation of UFL could be due to two reasons: the first one is that the
composition of the fuels in previous studies was not clearly identified and reported,
thus it is possible that the composition of the Jet-A fuel is slight different than that
of the Jet-A used here; the second reason is that previous studies used the partial
pressure method (instead of the volume method in the present work) to fill the com-
bustion chamber with fuel vapor and air (to determine the fuel-air mass ratio), for
which preferential evaporation (lighter species evaporate first) occurs.
Fig. 2.9. Lower and upper limit of flammability versus initial temper-




The aviation fuels are complicated mixtures containing hundreds of components.
In order to understand the effect of molecular weight and structure on flammability
limits, four pure hydrocarbon fuels, which are n-heptane, iso-octane, n-decane, and
n-dodecane, were selected to perform flammability limit measurements. They were
selected because they are the major components of common transportation fuels.
Experimental Results
Fig. 2.10. The LFLs of the four pure fuels at 1 atm and various initial
temperatures.
The LFLs of the four pure fuels at various initial temperatures and atmospheric
pressure were plotted in Fig. 2.10. Similar to the alternative aviation fuels, as the
initial temperature increases, the lower limit decreases for each fuel. In terms of fuel
vapor percentage in mixture by volume, the lower limit decreases in this order: n-
heptane > iso-octane > n-decane > n-dodecane. In other words, the LFL of the four
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pure fuels decreases with increasing molecular weight. In terms of fuel-air mass ratio
(F/A), the lower limit decreases in this order: iso-octane > n-dodecane > n-decane
> n-heptane. The LFLs of all four fuels fall in a relative small range as well, which
is from 0.032 to 0.04, in terms of fuel-air mass ratio.
Predictions by Models & Correlations
The present work applied several models and correlations to predict the lower limit
for pure fuels. The predictions were compared to the measurements from this work,
as well as those in the literature. The purpose was to evaluate how these models work
for heavy hydrocarbon fuels.
Zabetakis, Lambiris and Scott [17] proposed a modified Burgess-Wheeler Law
based on data fitting of the experimental results for pure hydrocarbon paraffin fuels.








where T is the temperature in ◦C, L is the LFL, L0 is the LFL at 25
◦C, ∆h◦c is the
standard combustion heat of a fuel. The correlation used the lower flammability limit
at 25◦C as a reference case. Spakowski [18] suggested a value of 1040 for L0 • ∆h◦c
based on fitting of a large number of experimental data from Zabetakis’ work [6].
As such, this correlation becomes a linear equation. As long as we obtain the lower
flammability limit at 25◦C for a fuel, we can calculate the LFL of that fuel at other
initial temperatures.
The present work also used two other models based on the energy balance equation
to simulate the initial temperature effect on the lower concentration flammability
limits for pure fuels. The first is Liaw’s model [19], based on the energy balance
equation and constant adiabatic flame temperature assumption. The model takes











niCpidT = Qr (2.9)
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where ∆H◦298 is the reaction heat at 298 K for the limiting condition, n is number
of moles, Cp is heat capacity, Ti is the initial temperature of the fuel/air mixture in
K, TL is the flame temperature at LFL in K, Qr is the heat loss through thermal
radiation.





niCpi = L(Cpf − PL) + PL (2.11)∑
products
niCpi = L(QL − PL) + PL (2.12)
Qr = −αeAsσ(T 4L − T 4i )∆t (2.13)
where L is the LFL, As is heat transfer surface area per mole mixture, α is radia-
tion heat transfer surface area efficiency factor, e is emissivity, σ is Stefan-Boltzmann
constant, ∆t is the duration of flame propagation, Qr is the heat loss through ther-
mal radiation, Ti is the initial temperature of the fuel/air mixture, TL is the flame
temperature at LFL, ∆H◦298 is the reaction heat at 298 K for the limiting condition,
∆h◦c is the standard combustion heat of a fuel at stoichiometric condition, PL is the
average heat capacity of air, QL is the average heat capacity of the products including
excess oxygen, and
PL = 0.79CpN2 + 0.21CpO2 (2.14)








where fl is the number of moles of oxygen, gl is the number of moles of carbon dioxide,
hl is the number of moles of water.

















Now, in order to obtain the adiabatic flame temperature TL, we consider a reference
case with an initial temperature T0, which can be room temperature. The LFL at
such particular temperature L0 is required for each fuel in order to calculate the limit







(L0(QL − PL) + PL)dT +
∫ 298
T0
(L0(Cpf − PL) + PL)dT = Qr (2.18)
For Liaw’s model, the heat capacities are functions of temperature.
The second model is Mendiburu’s model [22], based on correlations derived from
data of 273 chemical compounds. This model does not consider radiation heat loss and
does not assume that the adiabatic flame temperature at limits is constant. Instead, it
applies a correlation to calculate the adiabatic flame temperature at different initial
temperatures. For Mendiburu’s model, the heat capacities are assumed constant,
which are calculated as the average heat capacities. Similarly, we can obtain the LFL
using the energy balance equation:
L =
4.76Cpar(TL − Ti)
4.76Cpar(TL − Ti)− 4.76(∆h◦c + Cpf (T0 − Ti) +Ql(TL − T0))
(2.19)
where L is the LFL, Cp is heat capacity, Ti is the initial temperature of the fuel/air
mixture, TL is the flame temperature at LFL, ∆h
◦
c is the standard combustion heat
of a fuel, and the average heat capacity of the products and oxygen Ql:
Ql = −flCpO2 + glCpCO2 + hlCpH2O (2.20)
Mendiburu’s model applies a different method to calculate the flame temperature
TL. First, we need to determine the flame temperature of stoichiometric condition
at a specific initial temperature as a reference. This way, we do not need any prior
knowledge of LFLs. Similar to the flame temperature derivation at the LFL, the
flame temperature of stoichiometric condition is expressed as
Tstq = T0 −
∆h◦c + (Cpf + 4.76flCpar)(T0 − Ti)
glCpCO2 + hlCpH2O + 3.76flCpN2
(2.21)
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Then, we introduce two correlations to determine the flame temperatures at different
initial temperatures. These correlations were derived based on the experimental data










where Tstq is the flame temperature at stoichiometric condition, and















































MWf,av = 146kg/kmol, h
◦
f,av = −457kJ/mol (2.25)
After we determine a reference case such as at room temperature condition, we can
obtain the flame temperature at other initial temperatures, based on the stoichiomet-
ric flame temperature at such initial temperature and the flame temperature for both
stoichiometric and LFL conditions at room temperature.
We considered four pure fuels: methane, n-heptane, iso-octane, and n-decane,
where methane was used for validation. The lower flammability limits at the reference
initial temperatures come from Coward and Jones [1] and Zabetakis [6]. The data of
heat capacity (for liquid fuels, it is the value of the fuel vapor), standard combustion
heat, and enthalpy of formation of the fuels are from NIST database [23] and NASA
Glenn database [24].
Fig. 2.11 shows the comparison between experimental data and the calcula-
tions using the three models for methane, n-heptane, iso-octane, and n-decane. For
methane, Kondo’s data [20] were compared to the predictions using the modified
Burgess-Wheeler Law, as well as the Liaw’s model and Mendiburu’s model, within
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(a) methane. (b) n-heptane.
(c) iso-octane. (d) n-decane.
Fig. 2.11. Experimental data and modeling results of the lower con-
centration limits for (a) methane; (b) n-heptane; (c) iso-octane; (d)
n-decane [1] [20].
a temperature range of 280-380 K. As we can see, the modified Burgess-Wheeler
Law and the Liaw’s model can capture the trend of the experimental results for
lower limits. Mendiburu’s model exhibits large deviation. It is not surprising because
Mendiburu’s model uses statistical correlations based on data of heavy hydrocarbons.
In addition, Liaw’s model matches the experimental data best and the radiation heat
loss has little influence. As such, we did not consider radiation for the other three
liquid fuels.
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For the other three pure hydrocarbon fuels, the experimental results from the
present work agree with the previous experimental data from Jones’ work at most
temperatures [1]. However, as for n-decane, our lower limits are higher than those
reported in the literature at relative low initial temperatures. All the models are able
to capture the trend with initial temperature variation. The Liaw’s model seems to
predict the lower limits of the tested pure fuels better, whereas the Mendiburu’s model
underestimates the lower limits for the three liquid fuels. Furthermore, predictions
from the Liaw’s model are nearly identical to those by the modified Burgess-Wheeler
Law. Nevertheless, as the molecular weight of the pure fuels increases, the deviation
between Liaw’s model and the measurements become larger, indicating these models
need to be improved for heavy hydrocarbon fuels. Because there is no data available
for the heat capacity of n-dodecane vapor, the models were not applied to n-dodecane.
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3. TEMPERATURE FLAMMABILITY LIMITS
Temperature flammability limit is the temperature range of a fuel-vapor/air mix-
ture, within which the fuel vapor is flammable. This chapter will introduce the
experimental method for measuring the temperature flammability limits of the four
aviation fuels, including Jet-A, HEFA, SIP, and FT-S8. The effect of mass loading
on the temperature flammability limits will be discussed. The measured temperature
flammability limits of the fuels will be reported and compared.
3.1 Experimental Method
3.1.1 Apparatus
A cylindrical stainless steel chamber was built to determine the temperature
flammability limits, which is shown in Fig. 3.1. The interior volume of the chamber
is 320 ml. Two 1/4 inch NPT thread ports and one 14 mm × 1.25 mm thread port
were installed on the lid, providing connections with the fuel inlet, the air inlet, and
the spark plug. Additional four 1/4 inch NPT thread ports were installed on the side
of the chamber. Two thermocouples were installed for measuring the temperatures
of both the liquid fuel (the bottom one, T-type, temperature range from -330 ◦F to
660 ◦F ) and the fuel vapor/air mixture (the top one, K-type, Omega Model No.TC-
K-NPT-G-72). The tip of the bottom thermocouple was completely immersed in
the liquid fuel during the experiments. A successful ignition was determined when a
pressure increase was detected inside the chamber using a pressure transducer (Model-
XTEH-7L-190-50A). As the lowest flash point of the four alternative fuels is higher
than room temperature, the combustion chamber was placed inside an oven to heat
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the liquid fuel and fuel/air mixture. The liquid fuel was filled through the fuel inlet
using a 50 ml syringe.
Fig. 3.1. Overview of the cylindrical combustion chamber.
3.1.2 Ignition System
A spark plug (I-31 Auburn Nickel Igniter) was used to ignite the fuel vapor/air
mixture. The plug tip is at the center position between the ceiling of the lid and the
surface of the liquid fuel. The measurement method for voltage and current is the
same as the experimental setup for the concentration flammability limit measurement.
However, the spark gap was kept constant for this system and the distance is about
2 mm.
3.1.3 Experimental Procedure
For measuring temperature flammability limits, the chamber was firstly cleaned
and vacuumed. Then, a specific amount of liquid fuel as well as a small amount of air
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were filled into the chamber. Next, the whole apparatus was heated up to a specific
initial temperature. After the desired initial temperature was reached, we allowed the
liquid fuel to vaporize and mix with air for about one hour, to obtain an equilibrated,
homogeneous fuel vapor-air/liquid mixture. Then, the fuel vapor-air mixture above
the liquid fuel was ignited by a long duration spark. The ignition signal would also
trigger the data acquisition system and oscilloscope to record outputs. Fig. 3.2 shows
an example of successful ignition near the lower temperature flammability limit of FT-
S8. When the fuel vapor/air mixture was ignited, the pressure went up to 368 kPa
within 1.2 s, indicating the combustion had taken place inside the chamber.
Fig. 3.2. Pressure profile of a successful ignition (FT-S8) at 38 ◦C.
After each test, if combustion did not take place, we increased the initial tem-
perature by an increment of 2 ◦C for lower temperature limit or decrease the initial
temperature by an increment of 2 ◦C for upper temperature limit. If combustion took
place for a test, the chamber was flushed with high-pressure air flow and the exhaust
gases were vented to the exhaust hood. Then, we filled the chamber with new liquid
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fuel and repeated the test procedure with a different initial temperature. In addi-
tion, the condensed fuels from failure ignition tests were collected by a vessel outside
the oven. For measuring the lower temperature limits, the first initial temperature
was set to a value lower than the reported flash point or the lower limits reported
in the literature if available. For measuring the upper temperature limits, the first
initial temperature was set to a value higher enough to obtain a failure ignition at the
beginning, and then we decreased the initial temperature gradually to find the limit.
3.2 Results and Discussion
For the four selected aviation fuels, the lower and upper temperature limits were
measured. Jet-A was used to validate the experimental method since there are data
available in the literature for comparison. The effect of mass loading is discussed first
and then the measured temperature flammability limits are reported in the following
sections.
3.2.1 Effect of Mass Loading
The mass loading is the ratio of the mass of the liquid fuel inside the chamber
to the interior volume of the chamber. The mass loading is also called fuel loading,
which represents if a fuel tank is fully filled or nearly empty. A low mass loading
would represent an nearly empty tank (e.g. after landing), while a high mass loading
would represent a nearly full tank (e.g. before taking off).
We investigated the dependence of mass loading on temperature flammability
limit by testing three conditions: 30 kg/m3 (nearly empty), 100 kg/m3, and 344
kg/m3 (the largest amount of liquid fuel that the chamber can hold). For all three
cases, we got the same result of lower temperature limit for Jet-A, which is 41 ◦C.
This indicates that the flammability limit is independent of the fuel mass loading.
Shepherd’s work [11] also showed that the flammability limit had a weak dependence
on mass loading (see Fig. 3.3). Two different mass loadings (3 kg/m3 and 200 kg/m3)
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Fig. 3.3. Effect of mass loading on the lower temperature flammability limits [11].
were tested and the results are shown in Fig. 3.3. If we look at the data points on Fig.
3.3 under a specific ignition energy condition, the temperature flammability limits for
both mass loadings 3 and 200 kg/m3 were determined as the average temperature
between the nearest solid and hollow squares and triangles. The temperature limits
for the two cases are close to each other, indicating the mass loading has little influence
on the lower temperature limits.
3.2.2 Lower Temperature Limit
The lower temperature limit of Jet-A and three alternative aviation fuels at at-
mospheric pressure are shown in Table 3.1. The mass loading is 100 kg/m3.
The measured lower temperature limit of Jet-A is only slightly lower than the
reported flash point. It is close to the previous measurements by Nestor, Ott, and
Shepherd. The deviation can be attributed to the different composition of Jet-A
samples, as well as experimental apparatus and procedures. The measured lower
limits of HEFA and FT-S8 are also slightly lower than their flash points. However,
the lower limit of SIP is 13 ◦C lower than its flash point. Among the four fuels, SIP
has the highest lower temperature flammability limit and this limit is higher than the
ground temperature at many airports in most climates. From this perspective, SIP
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Table 3.1
Lower Temperature Limits of Jet-A and Three Alternative Aviation
Fuels at Atmospheric Pressure /◦C
Fuel Flash Point This work Nestor [8] Ott [9] Shepherd [11]
Jet-A 43 41 36 45 47
HEFA 44 41 - - -
SIP 110 97 - - -
FT-S8 40 37 - - -
can be considered a better choice for alternative aviation fuels regarding safer storage
or transportation during ground operations. In addition, Jet-A and HEFA have the
same results of lower temperature limit. FT-S8 has the lowest lower temperature
limit among the four fuels.
3.2.3 Upper Temperature Limit
Table 3.2
Upper Temperature Limits of Jet-A and Three Alternative Aviation
Fuels at Atmospheric Pressure /◦C
Fuel Flash Point This work Nestor [8]
Jet-A 43 67 84
HEFA 44 68 -
SIP 110 126 -
FT-S8 40 65 -
The upper temperature limit of the four aviation fuels at atmospheric pressure
are shown in Table 3.2. The mass loading is also 100 kg/m3.
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Jet-A and HEFA have the same results of upper temperature limit. However, the
upper limit of Jet-A is lower than the data of Nestor. The deviation between the
present data and that of Nestor for Jet-A could be due to the different size of appara-
tus, which could affect the stratification of fuel vapor inside the chamber. FT-S8 has
the lowest upper temperature limit among the four fuels, while SIP has the highest
upper temperature limit. Besides, although we obtain an upper temperature limit for
SIP, the probability of successful ignition for SIP is relatively low (see Appendix B).
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4. CONCLUSIONS & RECOMMENDATIONS
The concentration flammability limits of four pure hydrocarbon fuels (n-heptane,
iso-octane, n-decane, and n-dodecane), Jet-A, and three alternative aviation fuels
(HEFA, SIP, and FT-S8) were measured at various temperatures and pressures. Ad-
ditionally, several correlations and models were evaluated by comparing predictions
with the experimental results for pure fuels. Furthermore, the temperature limits
of flammability were measured for the four aviation fuels (Jet-A, HEFA, SIP, and
FT-S8).
For the four pure hydrocarbon fuels, the lower flammability limit decreases in
the order: n-heptane > iso-octane > n-decane > n-dodecane, in terms of fuel vapor
percentage in mixture by volume. The lower limit of the four pure fuels decreases
with increasing molecular weight. As the initial temperature increases, the lower
flammability limit decreases.
All three models can predict the trend of lower concentration flammability limits
with varying initial temperatures for methane, n-heptane, iso-octane, and n-decane.
The predicted lower limit by Liaw’s model agrees well with the experimental data for
methane and n-heptane, but deviates for iso-octane and n-decane. The predictions by
Mendiburu’s model have larger deviation from the experimental data of lower limits
for all three liquid hydrocarbon fuels. Furthermore, Liaw’s model agrees well with the
modified Burgess-Wheeler Law. As the molecular weight of the pure fuels increases,
the deviation between Liaw’s model and the measurements become larger, indicating
these models need to be improved for heavy hydrocarbon fuels.
For the four aviation fuels, the lower limit decreases in this order: FT-S8 > Jet-A
> HEFA > SIP in terms of fuel vapor percentage in mixture by volume. The lower
concentration flammability limit of these fuels falls in the range of 0.033-0.04 in terms
of fuel-air mass ratio. Jet-A and HEFA have similar limits because of their similar
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composition. By the percentage of volume of fuel vapor, SIP has the smallest lower
limit as it has the largest average molecular weight. In addition, the flammability
limits of FT-S8 do not change much with temperature variation. As the initial pres-
sure is reduced, the lower flammability limit remains nearly identical, implying that
the initial pressure does not have much influence on lower concentration flammability
limit.
The upper concentration flammability limit increases for each fuel as the initial
temperature increases under atmospheric pressure, except for SIP which has an op-
posite trend. Jet-A, HEFA and FT-S8 have similar upper limits from 0.21 to 0.23 in
terms of fuel-air mass ratio. SIP behaves differently and the reason is being inves-
tigated, which could be due to decomposition of the fuel at high temperatures and
inhomogeneous mixture inside the combustion chamber for SIP, which is the heaviest
among the four fuels. For all the four fuels, as initial pressure decreases, the upper
limit decreases as well. Similarly, as the initial temperature decreases, the upper
flammability limit generally decreases for Jet-A and HEFA at lower pressures. For
SIP, the upper limit, however, increases as the initial temperature decreases. FT-S8
also has a lightly opposite trend at the lower pressure for the same reasons hypoth-
esized above. In addition, Jet-A and HEFA also have similar upper flammability
limits.
The lower temperature flammability limits of the four selected aviation fuels (Jet-
A, HEFA, SIP, and FT-S8) are 41 ◦C, 41 ◦C, 97 ◦C, and 37 ◦C, respectively. The
lower temperature limit of Jet-A is slightly lower than the reported flash point. The
lower limits of HEFA and FT-S8 are also close to their flash points. However, the
lower temperature limit of SIP is 13 ◦C lower than its flash point. Among the four
fuels, SIP has the highest lower temperature limit and this limit is higher than the
ground temperature at many airports in most climates. Thus, SIP can be considered
a better choice for alternative aviation fuels regarding safer storage or transportation
during ground operations.
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The upper temperature flammability limits of the four selected aviation fuels (Jet-
A, HEFA, SIP, and FT-S8) are 67 ◦C, 68 ◦C, 126 ◦C, and 65 ◦C, respectively. The
upper temperature limit of Jet-A is lower than the measurement of Nestor. The
deviation between experimental data could be due to slightly different composition
of Jet-A samples and different size of apparatus, which could affect the stratification
of fuel vapor inside the chamber.
More experiments should be performed for aviation fuels to establish a complete
database of both concentration and temperature flammability limits with a wide range
of initial temperatures and pressures. Especially, for the upper flammability limits,
because fuel vapor is heavier than air, stratification can happen which may affect the
accuracy of the measurement. As for the modeling, more hydrocarbon fuels with large
molecular weight need to be tested at different initial conditions in order to find out
the dependence of limits on fuel type and initial conditions. Additionally, correlations
based on experimental data should include more data of heavy hydrocarbons or other
representative components in alternative aviation fuels. Lastly, it is important to
report the exact composition of an aviation fuel when reporting the limits, which will
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A. DIMENSIONAL DRAWING OF THE COMBUSTION
CHAMBERS
A.1 Spherical Chamber




Fig. A.2. Experimental apparatus of this work for measuring the
temperature flammability limits.
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B. TEST RECORDS FOR FLAMMABILITY LIMIT
MEASUREMENT
B.1 Concentration Flammability Limits
Table B.1 provides information on the tests for measuring concentration flamma-
bility limits for the four aviation fuels and four pure hydrocarbon fuels. The table
includes the type of fuel, the initial pressure, the initial temperature, the fuel-air
mass ratio, the ignition outcome (whether the combustion took place or not), and the
ignition probability.
B.2 Temperature Flammability Limits
Table B.2 provides information on the tests for measuring temperature flamma-
bility limits for the four aviation fuels. The table includes the type of fuel, the mass
loading, the initial pressure, the initial temperature, the ignition outcome (whether
the combustion took place or not), and the ignition probability.
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Table B.1
Test Matrix of Concentration Flammability Limit Measurement
Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
Jet-A 1 230 0.035 No 0%
Jet-A 1 230 0.036 No 0%
Jet-A 1 230 0.037 No 0%
Jet-A 1 230 0.038 No 33%
Jet-A 1 230 0.040 Yes 100%
Jet-A 1 230 0.043 Yes 100%
Jet-A 1 230 0.045 Yes 100%
Jet-A 1 260 0.034 No 0%
Jet-A 1 260 0.035 No 33%
Jet-A 1 260 0.037 Yes 75%
Jet-A 1 260 0.038 Yes 100%
Jet-A 1 260 0.039 Yes 100%
Jet-A 1 290 0.032 No 0%
Jet-A 1 290 0.033 No 0%
Jet-A 1 290 0.034 No 0%
Jet-A 1 290 0.035 Yes 100%
Jet-A 1 290 0.036 Yes 100%
Jet-A 1 260 0.224 Yes 100%
Jet-A 1 260 0.226 Yes 100%
Jet-A 1 260 0.228 No 0%
Jet-A 1 260 0.230 No 0%
Jet-A 1 290 0.226 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
Jet-A 1 290 0.228 Yes 100%
Jet-A 1 290 0.230 No 0%
Jet-A 1 290 0.232 No 0%
Jet-A 1 290 0.240 No 0%
Jet-A 1 320 0.220 Yes 100%
Jet-A 1 320 0.225 Yes 100%
Jet-A 1 320 0.230 Yes 100%
Jet-A 1 320 0.232 No 0%
Jet-A 1 320 0.235 No 0%
Jet-A 1 320 0.236 No 0%
Jet-A 1 320 0.240 No 0%
Jet-A 0.5 230 0.036 No 0%
Jet-A 0.5 230 0.038 No 0%
Jet-A 0.5 230 0.040 Yes 100%
Jet-A 0.5 260 0.034 No 0%
Jet-A 0.5 260 0.035 No 0%
Jet-A 0.5 260 0.037 Yes 100%
Jet-A 0.5 290 0.032 No 0%
Jet-A 0.5 290 0.033 No 0%
Jet-A 0.5 290 0.035 Yes 100%
Jet-A 0.5 260 0.164 Yes 100%
Jet-A 0.5 260 0.166 Yes 100%
Jet-A 0.5 260 0.168 No 0%
Jet-A 0.5 290 0.166 Yes 100%
Jet-A 0.5 290 0.168 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
Jet-A 0.5 290 0.170 No 0%
Jet-A 0.5 290 0.172 No 0%
Jet-A 0.5 290 0.180 No 0%
Jet-A 0.5 320 0.158 Yes 100%
Jet-A 0.5 320 0.160 Yes 100%
Jet-A 0.5 320 0.162 Yes 100%
Jet-A 0.5 320 0.164 Yes 100%
Jet-A 0.5 320 0.168 Yes 100%
Jet-A 0.5 320 0.170 No 0%
Jet-A 0.5 320 0.172 No 0%
Jet-A 0.5 320 0.180 No 0%
HEFA 1 230 0.038 No 0%
HEFA 1 230 0.039 No 25%
HEFA 1 230 0.040 Yes 100%
HEFA 1 230 0.042 Yes 100%
HEFA 1 260 0.034 No 0%
HEFA 1 260 0.035 Yes 50%
HEFA 1 260 0.036 Yes 100%
HEFA 1 290 0.031 No 0%
HEFA 1 290 0.032 No 0%
HEFA 1 290 0.033 Yes 50%
HEFA 1 290 0.034 Yes 100%
HEFA 1 290 0.035 Yes 100%
HEFA 1 290 0.227 Yes 100%
HEFA 1 290 0.229 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
HEFA 1 290 0.231 Yes 67%
HEFA 1 290 0.233 No 0%
HEFA 1 320 0.228 Yes 100%
HEFA 1 320 0.229 Yes 100%
HEFA 1 320 0.230 Yes 100%
HEFA 1 320 0.232 Yes 67%
HEFA 1 320 0.234 No 0%
HEFA 1 350 0.229 Yes 100%
HEFA 1 350 0.231 Yes 100%
HEFA 1 350 0.233 Yes 100%
HEFA 1 350 0.235 No 0%
HEFA 1 350 0.237 No 0%
HEFA 0.5 230 0.034 No 0%
HEFA 0.5 230 0.036 No 33%
HEFA 0.5 230 0.038 Yes 75%
HEFA 0.5 230 0.040 Yes 100%
HEFA 0.5 260 0.032 No 0%
HEFA 0.5 260 0.034 No 0%
HEFA 0.5 260 0.036 Yes 100%
HEFA 0.5 290 0.030 No 0%
HEFA 0.5 290 0.032 Yes 100%
HEFA 0.5 290 0.034 Yes 100%
HEFA 0.5 290 0.165 Yes 100%
HEFA 0.5 290 0.167 No 0%
HEFA 0.5 290 0.169 No 0%
54
Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
HEFA 0.5 320 0.168 Yes 100%
HEFA 0.5 320 0.170 No 0%
HEFA 0.5 350 0.167 Yes 100%
HEFA 0.5 350 0.168 Yes 100%
HEFA 0.5 350 0.170 Yes 67%
HEFA 0.5 350 0.171 No 0%
HEFA 0.5 350 0.172 No 0%
SIP 1 240 0.038 No 0%
SIP 1 240 0.039 No 0%
SIP 1 240 0.040 Yes 67%
SIP 1 240 0.041 Yes 100%
SIP 1 240 0.042 Yes 100%
SIP 1 260 0.036 No 0%
SIP 1 260 0.037 Yes 100%
SIP 1 260 0.038 Yes 100%
SIP 1 290 0.032 No 0%
SIP 1 290 0.033 Yes 100%
SIP 1 290 0.034 Yes 100%
SIP 1 290 0.226 Yes 100%
SIP 1 290 0.234 Yes 100%
SIP 1 290 0.246 Yes 100%
SIP 1 290 0.250 Yes 100%
SIP 1 290 0.260 Yes 100%
SIP 1 290 0.270 Yes 100%
SIP 1 290 0.272 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
SIP 1 290 0.274 No 0%
SIP 1 290 0.276 No 0%
SIP 1 290 0.280 No 0%
SIP 1 320 0.211 Yes 100%
SIP 1 320 0.217 Yes 100%
SIP 1 320 0.219 Yes 100%
SIP 1 320 0.221 No 0%
SIP 1 320 0.231 No 0%
SIP 1 320 0.241 No 0%
SIP 1 320 0.261 No 0%
SIP 1 320 0.269 No 0%
SIP 1 320 0.271 No 0%
SIP 1 320 0.273 No 0%
SIP 1 320 0.274 No 0%
SIP 1 350 0.164 Yes 100%
SIP 1 350 0.166 Yes 100%
SIP 1 350 0.168 No 0%
SIP 1 350 0.181 No 0%
SIP 1 350 0.221 No 0%
SIP 0.5 240 0.037 No 0%
SIP 0.5 240 0.039 Yes 100%
SIP 0.5 240 0.041 Yes 100%
SIP 0.5 260 0.036 No 0%
SIP 0.5 260 0.038 Yes 100%
SIP 0.5 290 0.032 No 0%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
SIP 0.5 290 0.034 Yes 100%
SIP 0.5 290 0.180 Yes 100%
SIP 0.5 290 0.186 Yes 100%
SIP 0.5 290 0.188 No 33%
SIP 0.5 290 0.190 No 0%
SIP 0.5 290 0.194 No 0%
SIP 0.5 290 0.196 No 0%
SIP 0.5 290 0.198 No 0%
SIP 0.5 290 0.204 No 0%
SIP 0.5 320 0.166 Yes 100%
SIP 0.5 320 0.170 Yes 100%
SIP 0.5 320 0.182 Yes 100%
SIP 0.5 320 0.197 Yes 100%
SIP 0.5 320 0.199 No 0%
SIP 0.5 320 0.200 No 0%
SIP 0.5 320 0.201 No 0%
SIP 0.5 350 0.140 Yes 100%
SIP 0.5 350 0.142 Yes 100%
SIP 0.5 350 0.144 Yes 100%
SIP 0.5 350 0.148 Yes 100%
SIP 0.5 350 0.150 Yes 100%
SIP 0.5 350 0.152 No 0%
SIP 0.5 350 0.160 No 0%
SIP 0.5 350 0.190 No 0%
FT-S8 1 230 0.031 No 0%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
FT-S8 1 230 0.033 No 0%
FT-S8 1 230 0.034 No 0%
FT-S8 1 230 0.035 No 0%
FT-S8 1 230 0.037 Yes 100%
FT-S8 1 230 0.039 Yes 100%
FT-S8 1 260 0.032 No 0%
FT-S8 1 260 0.033 No 0%
FT-S8 1 260 0.034 Yes 100%
FT-S8 1 290 0.032 No 0%
FT-S8 1 290 0.033 Yes 100%
FT-S8 1 290 0.210 Yes 100%
FT-S8 1 290 0.212 Yes 100%
FT-S8 1 290 0.214 No 0%
FT-S8 1 320 0.200 Yes 100%
FT-S8 1 320 0.204 Yes 100%
FT-S8 1 320 0.210 Yes 100%
FT-S8 1 320 0.212 Yes 100%
FT-S8 1 320 0.214 No 0%
FT-S8 1 320 0.222 No 0%
FT-S8 1 320 0.230 No 0%
FT-S8 1 350 0.212 Yes 100%
FT-S8 1 350 0.214 Yes 100%
FT-S8 1 350 0.216 No 0%
FT-S8 0.5 230 0.035 No 0%
FT-S8 0.5 230 0.037 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
FT-S8 0.5 260 0.033 No 0%
FT-S8 0.5 260 0.035 No 0%
FT-S8 0.5 260 0.036 Yes 100%
FT-S8 0.5 290 0.032 No 0%
FT-S8 0.5 290 0.034 No 33%
FT-S8 0.5 290 0.035 Yes 100%
FT-S8 0.5 290 0.174 Yes 100%
FT-S8 0.5 290 0.176 Yes 100%
FT-S8 0.5 290 0.178 Yes 100%
FT-S8 0.5 290 0.180 No 25%
FT-S8 0.5 290 0.182 No 0%
FT-S8 0.5 290 0.184 No 0%
FT-S8 0.5 320 0.178 Yes 100%
FT-S8 0.5 320 0.180 No 0%
FT-S8 0.5 320 0.182 No 0%
FT-S8 0.5 320 0.184 No 0%
FT-S8 0.5 350 0.172 Yes 100%
FT-S8 0.5 350 0.174 Yes 100%
FT-S8 0.5 350 0.176 No 0%
FT-S8 0.5 350 0.178 No 0%
FT-S8 0.5 350 0.179 No 0%
FT-S8 0.5 350 0.180 No 0%
n-heptane 1 170 0.035 No 0%
n-heptane 1 170 0.037 Yes 67%
n-heptane 1 170 0.039 Yes 100%
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Fuel Initial Initial Fuel/Air Ignition Ignition
Pressure Temperature Mass Ratio Outcome Probability
(atm) (◦F )
n-heptane 1 230 0.035 No 0%
n-heptane 1 230 0.037 Yes 100%
n-heptane 1 290 0.031 No 0%
n-heptane 1 290 0.033 Yes 100%
iso-octane 1 170 0.039 No 0%
iso-octane 1 170 0.041 Yes 100%
iso-octane 1 230 0.035 No 0%
iso-octane 1 230 0.037 No 25%
iso-octane 1 230 0.038 Yes 100%
iso-octane 1 290 0.033 No 0%
iso-octane 1 290 0.035 Yes 67%
iso-octane 1 290 0.036 Yes 100%
n-decane 1 170 0.039 No 0%
n-decane 1 170 0.041 Yes 100%
n-decane 1 230 0.033 No 0%
n-decane 1 230 0.035 No 33%
n-decane 1 230 0.037 Yes 100%
n-decane 1 290 0.031 No 0%
n-decane 1 290 0.033 Yes 100%
n-dodecane 1 230 0.036 No 0%
n-dodecane 1 230 0.038 Yes 100%
n-dodecane 1 260 0.035 No 0%
n-dodecane 1 260 0.037 Yes 100%
n-dodecane 1 290 0.034 No 0%
n-dodecane 1 290 0.036 Yes 100%
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Table B.2
Test Matrix of Temperature Flammability Limit Measurement
Fuel Mass Initial Initial Ignition Ignition
Loading Pressure Temperature Outcome Probability
(kg/m3) (atm) (◦C)
Jet-A 30 1 38 No 0%
Jet-A 30 1 40 No 0%
Jet-A 30 1 42 Yes 100%
Jet-A 100 1 40 No 0%
Jet-A 100 1 42 Yes 100%
Jet-A 100 1 46 Yes 100%
Jet-A 344 1 38 No 0%
Jet-A 344 1 40 No 0%
Jet-A 344 1 42 Yes 100%
Jet-A 100 1 64 Yes 100%
Jet-A 100 1 66 Yes 75%
Jet-A 100 1 68 No 0%
Jet-A 100 1 72 No 0%
Jet-A 100 1 76 No 0%
Jet-A 100 1 80 No 0%
Jet-A 100 1 84 No 0%
Jet-A 100 1 88 No 0%
HEFA 100 1 40 No 0%
HEFA 100 1 42 Yes 100%
HEFA 100 1 62 Yes 100%
HEFA 100 1 63 Yes 100%
HEFA 100 1 67 Yes 80%
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Fuel Mass Initial Initial Ignition Ignition
Loading Pressure Temperature Outcome Probability
(kg/m3) (atm) (◦C)
HEFA 100 1 69 No 20%
HEFA 100 1 71 No 0%
HEFA 100 1 73 No 0%
HEFA 100 1 74 No 0%
HEFA 100 1 83 No 0%
SIP 100 1 90 No 0%
SIP 100 1 96 No 0%
SIP 100 1 98 Yes 100%
SIP 100 1 100 Yes 100%
SIP 100 1 121 Yes 100%
SIP 100 1 123 Yes 100%
SIP 100 1 125 Yes 33%
SIP 100 1 127 No 0%
SIP 100 1 129 No 0%
FT-S8 100 1 36 No 0%
FT-S8 100 1 38 Yes 100%
FT-S8 100 1 64 Yes 100%
FT-S8 100 1 66 No 25%
FT-S8 100 1 68 No 0%
FT-S8 100 1 70 No 0%
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C. PROGRAM OF THE CORRELATED MODELS
C.1 Liaw’s Model
1 % Liaw ’ s model f o r s o l v i n g the lower f l ammabi l i ty l i m i t s
2 c l c
3 c l e a r a l l
4 % I n i t i a l parameters
5 %Ti = 3 4 9 . 8 2 ;
6 %Ti = 3 8 3 . 1 5 ;
7 Ti = 4 1 6 . 4 8 ;
8 %Ti = 273.15+100;
9
10 T0 = 2 9 8 . 1 5 ;
11 %T0 = 273.15+53; % n−decane
12
13 a = 8 ;
14 b = 18 ;
15 c = 0 ;
16
17 %L0 = 4.95 / 100 ; % methane
18 %L0 = 1.05 / 100 ; % n−heptane
19 L0 = 0.95 / 100 ; % iso−octane
20 %L0 = 0.75 / 100 ; % n−decane
21
22 %dhc = −891e3 ; % methane
23 %dhc = −4.81 e6 ; % n−heptane
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24 dhc = −5461e3 ; % i so−octane
25 %dhc = −6778e3 ; % n−decane
26
27 Tx = [200 273 .15 298 .15 300 400 500 600 700 800 900 1000 1100
1200 1300 1400 1 5 0 0 ] ;
28 %cpx = [ 1 2 7 . 6 5 154 .64 165 .2 165 .98 210 .66 252 .09 287 .44
317 .15 3 4 2 . 2 5 . . .
29 %363.59 381 .58 397 .06 410 .45 422 .58 435 .14 4 4 3 . 5 0 ] ; % n−
heptane
30 cpx = [ 1 3 0 . 5 8 173 .97 188 .4 189 .45 244 .6 293 .42 335 .56 371 .96
403 .34 4 3 0 . 5 3 . . .
31 454 .8 475 .72 494 .55 510 .45 527 .18 5 3 9 . 7 4 ] ; % i so−octane
32 %cpx = [ 1 7 9 . 0 8 217 .9 233 .1 234 .18 297 .98 356 .43 405 .85 446 .43
4 7 9 . 9 . . .
33 %508.36 531 .79 551 .87 569 .44 585 .76 598 .31 6 1 0 . 8 6 ] ; % n−
decane
34 p = p o l y f i t (Tx , cpx , 2) ;
35
36 syms T cpf cpn cpo cpcd cpw Pl Ql ;
37 %cpf = −0.703029+108.4773∗(T/1000) −42.52157∗(T/1000)
ˆ2+5.862788∗(T/1000) ˆ 3 + . . .
38 %0.678565∗ (T/1000) ˆ(−2) ; % methane
39 cp f = p (1) ∗Tˆ2+p (2) ∗T+p (3) ;
40 cpn = 28.98641+1.853978∗(T/1000) −9.647459∗(T/1000)
ˆ2+16.63537∗(T/1000) ˆ 3 + . . .
41 0 .000117∗ (T/1000) ˆ(−2) ;
42 cpo = 31.32234−20.23531∗(T/1000) +57.86644∗(T/1000)
ˆ2−36.50624∗(T/1000) ˆ3 − . . .
43 0 .007374∗ (T/1000) ˆ(−2) ;
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44 cpcd = 24.99735+55.18696∗(T/1000) −33.69137∗(T/1000)
ˆ2+7.948387∗(T/1000) ˆ3 − . . .
45 0 .136638∗ (T/1000) ˆ(−2) ;
46 cpw = 30.09200+6.832514∗(T/1000) +6.793435∗(T/1000)
ˆ2−2.534480∗(T/1000) ˆ 3 + . . .
47 0 .082139∗ (T/1000) ˆ(−2) ;
48 f l = a + b / 4 − c / 2 ;
49 g l = a ;
50 hl = b / 2 ;
51 Pl = 0.79 ∗ cpn + 0.21 ∗ cpo ;
52 Ql = − f l ∗ cpo + g l ∗ cpcd + hl ∗ cpw ;
53 r a d i a t i o n = 0 ;
54 % Solve f o r the f lame temperature
55 syms T l Q r ;
56 Q r = − r a d i a t i o n ∗ ( T l ˆ4 − T0ˆ4) ;
57 eqn = L0 ∗ dhc + i n t ( ( L0 ∗ ( Ql − Pl ) + Pl ) , T, 298 , T l ) +
. . .
58 i n t ( ( L0 ∗ ( cp f − Pl ) + Pl ) , T, T0 , 298) == Q r ;
59 s o l = s o l v e ( eqn , T l ) ;
60 Tl = double ( s o l (1 ) ) ;
61 % Solve f o r the f l ammabi l i ty l i m i t
62 Qr = − r a d i a t i o n ∗ ( Tlˆ4 − Ti ˆ4) ;
63 L = double(− ( i n t ( Pl , T, Ti , Tl ) − Qr) / ( i n t ( Ql , T, 298 , Tl )
+ . . .
64 i n t ( cpf , T, Ti , 298) − i n t ( Pl , T, Ti , Tl ) + dhc ) ) ∗ 100
C.2 Mendiburu’s Model
1 % Mendiburu ’ s model f o r s o l v i n g the lower f l ammabi l i ty l i m i t s
2 c l c
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3 c l e a r a l l
4 % I n i t i a l parameters
5 %Ti = 3 4 9 . 8 2 ;
6 %Ti = 3 8 3 . 1 5 ;
7 %Ti = 4 1 6 . 4 8 ;
8 Ti = 3 7 3 . 1 5 ;
9 Tr = 2 9 8 . 1 5 ;
10 a = 1 ;
11 b = 4 ;
12 c = 0 ;
13 d = 0 ;
14 v a r s = a + b / 4 ;
15 h cd = −393.52 e3 ;
16 h w = −241.83 e3 ;
17 hf = −74.87 e3 ; % methane
18 %hf = −189.3 e3 ; % n−heptane
19 %hf = −224.1 e3 ; % i so−octane
20 %hf = −249.7 e3 ; % n−decane
21 M = 1 6 . 0 4 ; % methane
22 %M = 1 0 0 . 2 ; % n−heptane
23 %M = 1 1 4 . 2 3 ; % i so−octane
24 %M = 1 4 2 . 2 8 ; % n−decane
25 Hc = hf − a ∗ h cd − b / 2 ∗ h w ;
26 % Average heat capac i ty
27 syms T cpf cpn cpo cpcd cpw cpar ;
28 cp f = −1.766850998 e5∗Tˆ(−2) +2.78618102 e3∗Tˆ(−1)−1.20257785 e1
+3.91761929e−2∗T− . . .
29 3.61905443 e−5∗Tˆ2+2.026853043 e−8∗Tˆ3−4.97670549e−12∗Tˆ4 ;
% methane
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30 %cpf = −6.12743289 e5∗Tˆ(−2) +1.184085437 e4∗Tˆ(−1)−7.4871886 e1
+2.918466052 e−1∗T− . . .
31 %3.41679549 e−4∗Tˆ2+2.159285269 e−7∗Tˆ3−5.65585273e−11∗Tˆ4 ;
% n−heptane
32 %cpf = −1.688758565 e5∗Tˆ(−2) +3.126903227 e3∗Tˆ(−1)−2.123502828
e1 +1.489151508 e−1∗T− . . .
33 %1.151180135 e−4∗Tˆ2+4.47321617 e−8∗Tˆ3−5.55488207e−12∗Tˆ4 ;
% iso−octane
34 %cpf = −0.0002∗Tˆ2+0.7474∗T+37.3951; % n−decane
35 cpn = 5.87712406 e5∗Tˆ(−2)−2.239249073 e3∗Tˆ(−1) +6.06694922− . . .
36 6.1396855 e−4∗T+1.491806679 e−7∗Tˆ2−1.923105486e−11∗T
ˆ3+1.061954386 e−15∗Tˆ4 ;
37 cpo = −1.037939022 e6∗Tˆ(−2) +2.344830282 e3∗Tˆ(−1)
+1.819732036+. . .
38 1.267847582 e−3∗T−2.188067988e−7∗Tˆ2+2.053719572 e−11∗T
ˆ3−8.19346705e−16∗Tˆ4 ;
39 cpcd = 1.176962419 e5∗Tˆ(−2)−1.788791477 e3∗Tˆ(−1)
+8.29152319− . . .
40 9.22315678 e−5∗T+4.86367688e−9∗Tˆ2−1.891053312e−12∗T
ˆ3+6.33003659 e−16∗Tˆ4 ;
41 cpw = 1.034972096 e6∗Tˆ(−2)−2.412698562 e3∗Tˆ(−1)
+4.64611078+. . .
42 2.291998307 e−3∗T−6.83683048e−7∗Tˆ2+9.42646893 e−11∗T
ˆ3−4.82238053e−15∗Tˆ4 ;
43 cpar = 2.41521443 e5∗Tˆ(−2)−1.2578746 e3∗Tˆ(−1) +5.14455867− . . .
44 2.13854179 e−4∗T+7.06522784e−8∗Tˆ2−1.07148349e−11∗T
ˆ3+6.57780015 e−16∗Tˆ4 ;
45 R = 8 . 3 1 4 ;
46 cp f a = R∗double ( i n t ( cpf , T, Tr , Ti ) /( Ti−Tr) ) ;
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47 cpn a = R∗double ( i n t ( cpn , T, 1200 , 1800) /(1800−1200) ) ;
48 cpo a = R∗double ( i n t ( cpo , T, 1200 , 1800) /(1800−1200) ) ;
49 cpcd a = R∗double ( i n t ( cpcd , T, 1200 , 1800) /(1800−1200) ) ;
50 cpw a = R∗double ( i n t (cpw , T, 1200 , 1800) /(1800−1200) ) ;
51 cpar a = R∗double ( i n t ( cpar , T, 1200 , 1800) /(1800−1200) ) ;
52 % Solve f o r the f lame temperature
53 T stq r = Tr + (Hc + ( cp f a + 4.76 ∗ v a r s ∗ cpar a ) ∗ (Tr −
Tr) ) / . . .
54 ( a ∗ cpcd a + b / 2 ∗ cpw a + 3.76 ∗ v a r s ∗ cpn a + d /
2 ∗ cpn a ) ;
55 T stq = Tr + (Hc + ( cp f a + 4.76 ∗ v a r s ∗ cpar a ) ∗ ( Ti −
Tr) ) / . . .
56 ( a ∗ cpcd a + b / 2 ∗ cpw a + 3.76 ∗ v a r s ∗ cpn a + d /
2 ∗ cpn a ) ;
57 hf av = −457e3 ;
58 M av = 146 ;
59 l = M / Hc ;
60 dT = Ti − Tr ;
61 theta = 1.664032−1.048146 e−1∗( hf / h f av ) +9.721391e−2∗(M/M av)
−1.174598e−1∗(a/b) ;
62 n = −1.0035+4.3961∗(dT/10ˆ3) +3.8690∗(dTˆ2/10ˆ7) +7.1888∗( l /10)
−8.7834∗( l ˆ2/10ˆ3) / . . .
63 −2.1928∗(dT∗ l /10ˆ3) ;
64 Tl r = T stq r / theta ;
65 Tl = Tl r ∗( T s tq r / T stq ) ˆn ;
66 % Solve f o r the f l ammabi l i ty l i m i t
67 A = v a r s ∗ cpo a−a∗ cpcd a−b/2∗cpw a−d/2∗ cpn a ;
68 L = 100∗4.76∗ cpar a ∗( Tl−Ti ) /(4 .76∗ cpar a ∗( Tl−Ti ) + 4 . 7 6∗ . . .
69 (Hc+cp f a ∗( Ti−Tr)+A∗( Tl−Tr) ) )
